Purpose. To evaluate eyelid temperature change and short-term effects on tear film stability and lipid layer thickness in healthy patients using a commercially available warm compress (MGDRx EyeBag) for ophthalmic use. Methods. Eyelid temperature, noninvasive tear film breakup time (NITBUT), and tear film lipid layer thickness (TFLLT) of 22 healthy subjects were measured at baseline, immediately after, and 10 minutes after application of a heated eyebag for 5 minutes to one eye selected at random. A nonheated eyebag was applied to the contralateral eye as a control. Results. Eyelid temperatures, NITBUT, and TFLLT increased significantly from baseline in test eyes immediately after removal of the heated eyebag compared with those in control eyes (maximum temperature change, 2.3 T 1.2-C vs. 0.3 T 0.5-C, F = 20.533, p G 0.001; NITBUT change, 4.0 T 2.3 seconds vs. 0.4 T 1.7 seconds, p G 0.001; TFLLT change, 2.0 T 0.9 grades vs. 0.1 T 0.4 grades, Z = -4.035, p G 0.001). After 10 minutes, measurements remained significantly higher than those in controls (maximum temperature change, 1.0 T 0.7-C vs. 0.1 T 0.3-C, F = 14.247, p G 0.001; NITBUT change, 3.6 T 2.1 seconds vs. 0.1 T 1.9 seconds, p G 0.001; TFLLT change, 1.5 T 0.9 vs. 0.2 T 0.5 grades, Z = -3.835, p G 0.001). No adverse events occurred during the study. Conclusions. The MGDRx EyeBag is a simple device for heating the eyelids, resulting in increased NITBUT and TFLLT in subjects without meibomian gland dysfunction that seem to be clinically significant. Future studies are required to determine clinical efficacy and evaluate safety after long-term therapy in meibomian gland dysfunction patients. (Optom Vis Sci 2014;91:163Y170) 
M eibomian gland dysfunction (MGD) is a common disorder representing a condition of various etiologies. 1 Obstructive meibomian gland disease is considered to be the most common subtype, 2 typically caused by altered meibomian secretion and obstruction of the terminal ducts or plugging of the orifices. 2, 3 Normally, the meibomian gland secretion forms reservoirs along the upper and lower lid margin from which the tear film lipid layer is formed, which acts to stabilize and prevent evaporation of the tear film. 2 In obstructive MGD, the secretion delivered to the reservoir may be reduced to a point where the lipid layer is insufficient to prevent evaporation effectively, thus causing dry eye. 4 There is considerable variation in the temperature at which the meibomian secretion begins to melt in scientific literature because of the significant variation in chemical composition of the meibum between individuals and even between glands of the same eye. 1 However, higher lipid melting points have been found in MGD compared with those in normal eyes. 5Y7 Therefore, eyelid-warming therapies have been recommended as a treatment for MGD to clear the obstructed glands. 7Y13 Here, the heat transferred melts the pathologically altered lipids that have become inspissated and stagnant and relieve the dry eye symptoms associated with MGD. 8, 14 Warming can be achieved by a variety of means, such as warm moist compresses, 10, 15 warm moist air, 7, 11 warm compression devices, 8 light-emitting diode and chemical reactionY based eye masks, and heat and pulsatile pressure combination therapy. 9, 13, 16 Since 2004, an eyelid-warming device called the MGDRx EyeBag (The EyeBag Company, Halifax, UK) has been commercially available to treat MGD, composed of one silk and one cotton surface, filled with flax seed (Fig. 1) . However, there seems to be no scientific evidence to support the efficacy of this device. Therefore, the aim of this study was to determine the temperature of the external and internal upper and lower eyelids after a warm compress with the MGDRx EyeBag. In addition, the short-term effects of warm compresses with the MGDRx EyeBag on the tear film lipid layer thickness (TFLLT) and tear film stability were investigated.
METHODS
Subjects recruited consisted of staff, students, and optometry clinic patients from Aston University (Birmingham, UK). The study required subjects to be at least 18 years of age, asymptomatic, nonYcontact lens wearers with no active eye disease, no ocular medications, no systemic medications known to affect the eyes, and no history of eye surgery in the last 3 months. Subjects were enrolled after written informed consent and underwent slit lamp biomicroscope examination to ensure that there was no active eye disease present, including MGD, based on meibomian gland function (quality or expressibility score, G1). 17 The primary outcome measure of the study was measurement of ocular surface temperature. To detect a treatment effect of 1-C change in temperature with 80% power at the 5% level of statistical significance (> = 0.05), 22 subjects were required as each subject acted as his or her own control (one test eye, contralateral control eye) (SD of normal values, T1.1-C). 18 The study was approved by the institutional review board and conformed to the tenets of the Declaration of Helsinki.
An eyebag was heated for 40 seconds in an 800-W microwave oven at full power as recommended in the manufacturer's instructions. The region of the heated eyebag intended to be in contact with the eyes was measured to be 46.2 T 0.6-C (115.2 T 1.1-F) immediately after heating using a thermal camera (ThermoTracer 7102MX, NEC, Japan) on five eyebags, repeated on three occasions at least 24 hours apart. After 5 minutes, the eyebag cooled to a mean surface temperature of 38.5 T 0.7-C (101.3 T 1.3-F; Fig. 2 ). The eyebag was applied with the silk surface in contact with the eyelids of one eye selected at random for 5 minutes immediately after heating. At the same time, a nonheated eyebag (mean surface temperature, 18.1 T 1.0-C; 64.6 T 1.8-F) was applied (silk side) to the contralateral eye as a control. Care was taken to ensure that the eyebags did not touch. Timing was kept using a digital stop clock. A second masked researcher conducted the study measurements. Measurements were taken before (baseline), immediately after, and 10 minutes after the removal of the eyebags, and the order of which eye was measured first was randomized. The test room was the same for all subjects and had a temperature of 20 to 22-C (68.0 to 71.6-F), 10 to 20% humidity, and no air circulation/wind.
The 18Y20 The external upper and lower eyelids were measured by asking the subject to look down and up; the internal upper and lower eyelids were measured by everting the upper and lower eyelids with a sterile cotton bud. At each location, a thermal image was captured immediately to provide a static temperature reading averaged over a 10 by 10Ymm area shown on the camera display. Central, nasal, and temporal markers on the thermal camera display were used to ensure that the same central region of the eyelid surfaces was measured to maintain consistency. Temperature measurements of the external eyelid surfaces were made at baseline, within approximately 10 seconds after eyebag removal (immediately after), and 10 minutes after treatment. The inner eyelid surfaces were measured within approximately 10 seconds of eyelid eversion using sterile cotton buds.
The thickness of the tear film lipid layer and tear film stability were measured in both eyes noninvasively using the TearScope Plus (Keeler Ltd, Windsor, UK) mounted on a slit lamp biomicroscope. An interference image of the lipid layer was produced over the cornea as subjects looked at a distant target (spotlight 6 m away) while blinking naturally. Based on the interference pattern observed, the thickness range of the lipid layer was deduced using a grading scale developed by Guillon, where grade 1, open meshwork, lipid layer 13 to 50 nm thick; 2, closed meshwork, 30 to 50 nm; 3, wave, 50 to 70 nm; 4, amorphous, 80 to 90 nm; 5, colored fringes, 90 to 180 nm; 6, globular, greater than 200 nm. 21 Open meshwork, wave, and amorphous patterns represent a normal tear film lipid layer. 21 A grid pattern insert was used to assess tear film stability by measuring noninvasive tear film breakup time (NITBUT). Subjects were instructed to blink normally and then keep their eyes open for as long as possible. The NITBUT is defined as the period between the last complete blink and the appearance of a break or distortion in the fine grid pattern. 21 The period was measured using a digital stop clock. This was repeated three times, and the values were averaged to give a mean NITBUT value. Measurements were made at baseline, immediately after, and 10 minutes after treatment.
Statistical analysis was performed using SPSS for Microsoft Windows. Differences between control and test eyes for eyelid temperature and NITBUT over time were evaluated by repeatedmeasures analysis of variance, and, where significant, post hoc analysis was performed using t tests with a Bonferroni correction applied (significance level set at p G 0.05). Differences between control and test eyes for lipid layer thickness were evaluated by the Freidman test, and post hoc analysis, where significant, was performed using Wilcoxon signed rank tests with a Bonferroni correction applied (significance level set at p G 0.05).
RESULTS
A total of 22 healthy subjects (50% men) were assessed and had a mean age of 22.0 T 2.7 years (range, 18 to 27 years) aged matched by sex. (Fig. 3) . The difference in temperature between control eyes and test eyes was statistically significant at all eyelid locations (EUL, ELL, IUL, ILL, p G 0.001).
Eyelid Temperature
Ten minutes after application, the increase in eyelid temperature from baseline in test eyes remained statistically significant at all locations (EUL, 1.0 T 0.7-C, 1.8 T 1.3-F; ELL, 0.9 T 0.6-C, 1.6 T 1.1-F; IUL, 0.7 T 0.6-C, 1.3 T 1.1-F; ILL, 0.5 T 0.6-C, 0.9 T 1.1-F; F = 14.247, p = 0.001) but had decreased from immediately after removal (Fig. 3) . The difference in temperature between control and test eyes was also statistically significant at all eyelid locations (EUL, ELL, IUL, ILL, p G 0.001).
Noninvasive Tear Film Breakup Time
At baseline, there was no statistically significant difference in NITBUT between control and test eyes (9.2 T 2.4 seconds vs. 9.4 T 1.8 seconds, p = 0.468). There was a statistically significant increase in NITBUT in test eyes (F = 47.904, p G 0.001), but not control eyes (F = 0.625, p = 0.540), over time from baseline. The difference in NITBUT between control and test eyes immediately and 10 minutes after eyebag removal was also significant (p G 0.001). There was a statistically significant increase in NITBUT from baseline in test eyes (pairwise comparison, p G 0.001) with a mean increase of 4.0 T 2.3 seconds immediately after removal.
Ten minutes after removal, the difference in NITBUT from baseline in test eyes was also statistically significant (difference, 3.6 T 2.1 seconds; pairwise comparison, p G 0.001). Although the NITBUT reduced slightly from immediate to 10 minutes after eyebag removal (Fig. 4) , this was not statistically significant (pairwise comparison, p = 0.322).
Tear Film Lipid Layer Thickness
At baseline, there was no statistically significant difference in lipid layer thickness grade between control and test eyes, with only one subject showing a difference in lipid appearance between the eyes (grade, 2.4 T 0.7 vs. 2.4 T 0.8, Z = 0.000, p = 1.000). There was a statistically significant increase in lipid layer thickness in test eyes (W 2 = 35.313, p G 0.001), but not in control eyes (W 2 = 5.200, p = 0.074), over time from baseline. Post hoc analysis confirmed that there was a statistically significant increase in lipid layer thickness from baseline in test eyes (Z = j4.035, p G 0.001), with a mean grade increase of 2.0 T 0.9 immediately after removal. The difference in lipid layer thickness between control and test eyes was statistically significant (Z = j4.102, p G 0.001) at this stage. Ten minutes after application, the increase in lipid layer thickness from baseline in test eyes remained statistically significant (Z = j3.835, p G 0.001), however, the mean increase was smaller than immediately after removal (1.5 T 0.9 grades higher than baseline). After 10 minutes, the difference between control and test eyes also remained statistically significant (Z = j3.759, p G 0.001). The distribution of lipid layer thickness grade at baseline, immediately after, and 10 minutes after eyebag application is shown in Fig. 5 .
No adverse events were reported during or after the study.
DISCUSSION
The temperature of test eyes covered with the heated eyebag increased significantly at all measurement locations from baseline immediately after removal. The maximum mean temperature measurement was 37.4 T 1.6-C (99.3 T 2.9-F), which occurred on the external upper eyelid immediately after eyebag removal. This was not unexpected given the relatively closer and larger surface area in contact with the eyebag compared with that of the lower external eyelid when the eyes were closed. The temperatures presented here are lower, and the treatment duration was shorter than those reported to cause thermal injury to the eyelid tissue. 22 In addition, heat (infrared) radiation is also known to cause cataract 23 ; in an animal model, it has been shown that lens protein changes start to develop at 40-C (104-F) after 2 minutes of direct infrared exposure. 24 Eyebag therapy applies heat through the closed lids so the crystalline lens will be protected to some extent. It was not possible in our study to measure the maximum eyelid temperature because the eyebag obscured the view of the eye; it is likely that the eyelids were initially warmer during earlier stages of heating as the eyebag naturally decreased in temperature during the 5-minute treatment protocol (Fig. 1) . Thus, the maximum eyelid temperature achieved during heating is unknown, and it is unclear if thermal injury is possible. However, no adverse events were reported during or after the study. Eyelid-warming therapies have also been associated with transient visual blur caused by pressure exerted on the eyelids. Solomon et al. 25 found that the corneal polygonal reflex of Fischer-Schweitzer in experimental eyes receiving warm compress therapy combined with gentle eyelid pressure was significantly positively correlated to visual blur and visual acuity decrease. More recently, increases in corneal temperature after eyelid rubbing or massage has been associated with corneal deformation and subsequent visual degradation. 26 It is purported that eyelid-warming therapy where heat is applied directly to the eyelids combined with massage may exacerbate this effect. 26 Therefore, we did not apply any additional pressure to the eyelids other than to stabilize the device, and our treatment protocol did not require massage. Until the safety of eyelidwarming therapy with devices making contact with the eyelids such as the eyebag is fully established, patients should be instructed carefully as to their use and advised not to rub the eyes after treatment. 26 The internal lower eyelid was less warm immediately after eyebag removal, and the internal upper eyelid temperature was also less warm than the external upper eyelid, providing further support for noncomplete heat transfer between external and internal eyelid surfaces. 15 This is likely to be caused by blood flow within the eyelid vasculature, which carries heat away via convection as well as the different insulating properties of the ocular tissues. 22, 27 Although not statistically significant, the small increase in temperature in control eyes immediately after removal is somewhat surprising given that the nonheated eyebag was much cooler than eyelid temperature. It is likely to have been caused by the insulating properties of the nonheated eyebag and/or the creation of a layer of air between the eyelid and eyebag surfaces minimizing heat loss.
Ten minutes after application, the temperature of test eyes remained significantly warmer at all test locations from baseline (F = 20.533, p G 0.001) but lower than immediately after application (F = 24.889, p G 0.001). The heat source had been removed 10 minutes earlier and heat energy dissipated to neighboring tissues and the surrounding air, causing the surfaces to cool. The rate of cooling seemed to be slightly faster for the external eyelid surfaces compared with that for the inner eyelid surfaces in test eyes. This finding could be explained by the larger temperature gradient between the external eyelid surface and air compared with that of the inner eyelid surface and globe. In addition, the inner eyelid surface is insulated by the eyelid tissue from exposure to the surrounding air.
A potential source of error in our measurements could have resulted from everting the upper and lower eyelids to obtain internal eyelid surface temperature; although brief (È5 seconds), the time taken from everting the eyelids to measurement may have allowed heat loss via convection after exposure to the air. In addition, the time taken to measure one eye may have impacted on the contralateral eye measurement in a similar fashion, but the order of which eye was measured first was randomized, negating any bias. Manipulating the eyelids during eversion may have also caused changes in vascular blood flow and subsequent changes in heat loss. 15 In addition, although cotton buds were used to evert the upper and lower eyelids, the heat radiated from the eyes after treatment may have been detected by the examiner so they were no longer masked to the treatment eye. Therefore, bias may have been introduced in our measurements. However, given the nature of eyelid-warming therapies, it is not possible to completely eliminate this limiting factor where measurements are taken by human examiners. Tear film breakup time was measured noninvasively rather than using fluorescein sodium because the latter may disrupt the tear film by artificially increasing the volume of the tear film and the application technique inducing reflex tearing, all of which may affect the measurement. 28 In addition, the TearScope uses a cold light source that prevents/minimizes any additional evaporative loss. 21 Tear film stability has been demonstrated to correlate significantly with the thickness of the tear film lipid layer, derived from secretions of the meibomian glands. 1, 29, 30 Increasing the tear breakup time and lipid layer thickness may therefore help prevent dry eye symptoms associated with MGD. 4, 9 In our study, immediately after removal of the heated eyebag, a significant increase in NITBUT from baseline was detected (p G 0.001), which was sustained at 10 minutes after application (p = 0.965). Previous studies on eyelid-warming therapies have also demonstrated significant increases in tear film stability and improved symptoms in MGD patients and normal subjects, although the treatment methodology differed with respect to eyelid-warming device used and the frequency and duration of application. 7Y9,11,13 Tear film lipid layer thickness also increased significantly in test eyes, and this increase from baseline was sustained at 10 minutes after application, albeit at a slightly smaller thickness than immediately after eyebag removal. Increases in TFLLT after eyelidwarming therapy in healthy subjects and MGD patients have been demonstrated in previous studies, although the treatment methodology differed again with respect to eyelid-warming device used and the frequency and duration of application.
7,9Y11
Increases in TFLLT after eyelid-warming therapy have also been associated with improved signs and symptoms in patients with MGD and normal subjects. 7, 9, 11, 12 Based on the present data, the short-term increases in tear film stability and TFLLT in healthy subjects can be attributed to the heat transferred across the eyelids, consistent with previous studies and supports the use of eyelid-warming therapy for MGD treatment. The eyebag is simple to heat and handle compared with traditional moist warm compress, which are reported to require a methodical and labor-intensive protocol to optimize treatment. 15 Furthermore, the eyebag is relatively inexpensive and can be reused, whereas many devices providing alternative sources of heat are commercially unavailable. 7Y9,11,16 More recently, the LipiFlow system, which combines eyelid heating and massage while minimizing the effect of heat damage to the cornea, has demonstrated short-and long-term improvements in meibomian gland secretion and tear breakup time after a single in-office treatment, including in severe cases of MGD. 13 In comparison, the eyebag can be used for home therapy in milder cases or as adjunctive therapy after in-office procedures in severe cases where more intensive treatment is required. 26 Although the eyebag requires the eyes to be closed during application, which minimizes exposure to direct heat, further research is required to determine the maximum eyelid temperature induced to evaluate the safety of this eyelid-warming device, with particular focus on the cornea. After 5 minutes of application, the heat transferred from MGDRx EyeBag produces increases in tear film stability and lipid layer thickness that are maintained up to 10 minutes after application. These effects on the tear film have improved the signs and symptoms of MGD in previous studies and support the use of eyelidwarming therapy in MGD. However, these short-term effects were observed in healthy subjects without MGD, who are likely to have lower meibomian secretion melting points and few, if any, obstructed glands. In addition, long-term and frequent treatment may be necessary to produce a clinically significant improvement in signs and symptoms of MGD because of its chronic nature, although short-term effects are encouraging. Future longer treatment duration clinical studies are therefore required to determine the efficacy and safety of this eyelid-warming device in patients with MGD.
